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I. INTRODUCTION 
Within the last ten years, numerous studies with the 
electron microscope have revealed many fine structural details 
of cellular anatomy. Among the many interesting structures 
studied with this tool have been a number of subcellular 
entities which in general have the appearance of long slender 
tubules. In cross section they appear to be circular with a 
cortex which is less electron dense than the periphery; in 
longitudinal section they appear as pairs of parallel lines. 
A number of different terms such as fibers, fibrils, filaments, 
and microtubules have been employed to describe these cellular 
structures. The general tendency, however, seems to be toward 
use of the last term. Several otherwise distinct organelles 
appear to be composed largely of these microtubular elements. 
Included are the mitotic apparatus, ciliary and flagellar 
fibers, centrioles and basal bodies. To attempt an exhaustive 
review of the literature of all these organelles is beyond the 
limit of this work; however, a brief summary of their struc­
tural and apparent functional features will be relevant to an 
overall view of microtubules. 
The achromatic figure observed during mitosis was thought 
for many years to be an optical artifact; however, use of 
modern techniques such as phase contrast, interference, and 
polarization microscopy, has provided evidence that the 
mitotic apparatus is an actual cellular entity. As more 
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delicate preservation techniques for the electron microscope 
became available. Porter (1954) reported a tubular component 
associated with the achromatic figure. Since that time it has 
been established by several workers that the chromosome fibers, 
spindle fibers, and astral rays in such widely varying genera 
as amoeba (Roth et al., 1960; Roth and Daniels, 1962), sea 
urchin (Harris, 1961; Kurosumi, 1958), chicken and man 
(Bernhard and de Harven, 1958), crayfish (Ruthmann, 1959), and 
mouse (Schultz-Larsen, 1953) are all tubular structures having 
an outside diameter of from 140 A° in the case of the amoeba 
(see Figure la) to 210 A° for some mamalian cells. (See also 
Mazia D., 1961.) That the microtubular elements of the mitotic 
apparatus are intimately involved in the process of chromo­
somal movement during cell division is conceded by almost 
everyone who has had the opportunity to observe this phenome­
non. The exact nature of this involvment and its mechanism of 
action is, however, by no means a finished subject of study. 
The arrangement of the microtubular axial bundle in cilia 
and flagella has become familiar to those concerned with 
motility problems. As the illustration in Figure lb shows, 
these organelles have two tubular central elements which are 
surrounded by n'ine tubular doublets each of which appears as a 
figure-of-eight. Small projections called arras are also found 
attached to the innermost subfiber of the doublet. Other fine 
details in structure and placement can often be detected, and 
have been reported by Gibbons and Grimstone (19 60), however. 
Figure la. A longitudinal section through the mitotic 
apparatus of a metaphase nucleus from the giant 
ameba Pelomyxa carolinensis 
The microtubular fibers (m) which make up the 
spindle are seen to be intimately connected with 
the chromosomes (ch). x57,000. From Roth and 
Daniels (1962). 
Figure lb. A cross sectional survey micrograph of cilia (c) 
from a ruminant Oligotrich protozoan 
The nine outer doublet and the two central singlet 
microtubules characteristic of the cilium are 
plainly seen. From Roth, L. E. (unpublished data). 
x46,000. 
Figure Ic. A cross sectional survey micrograph showing the 
kinetosomes (k) of an Oligotrich protozoan 
The nine microtubular triplets arranged in a 
cylindrical bundle are typical of both this 
organelle and the centriole. From Roth, L.E. 
(unpublished data). x48,500. 
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the 9+2 complex of microtubules is sufficient detail here. 
Many workers have observed and reported this arrangement of 
microtubules in the cilium. Sleigh (1962, p. 16) tabulates a 
number of such reports and shows that the microtubules con­
tained in these organelles have a fairly uniform and consist­
ent size of 200-250 A®. The unique arrangement of these 
tubular elements has been considered as necessary for the 
movement of this organelle, cf. Porter, 1957. 
At the base of each cilium or flagellum and also associ­
ated with the pole during mitosis are structures which bear 
a great resemblance to each other. The one associated with 
the cilium or flagellum is termed a basal body or kinetosome, 
while that seen in the achromatic figure is called a centriole. 
About the turn of the century Henneguy (1897) and Lenhossek 
(1898), on the basis of light microscope correlative studies 
of ciliated and non-ciliated epithelium, concluded that basal 
bodies and kinetosomes were homologous structures. Meves 
(1903) made a careful study of the atypical formation of multi-
flagellated sperm from the snail, Vivaparous. He showed 
that each centriole in the atypical spermatocyte gives rise to 
a cluster of centrioles, of which several are then passed to 
each spermatid where they become the basal bodies of the 
multiple flagella. This study has long been a source of 
support for the Henneguy-Lenhossek theory which has continued 
to gain acceptance and is the prevailing view today. The 
centriole and/or kinetosome, as typified in Figure Ic 
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consists of nine microtubular triplets in a cylindrical array. 
This organelle has a diameter of 120-150 my and a length of 
200-500 my. Each member in the triplet is tubular and has the 
same diameter as the ciliary microtubules, i.e., about 200-250 
A®. These triplet sets are canted 30-50® to the circumference 
of a circle centered at the organelle center. The inner two 
tubules of each triplet in the basal body have been shown by 
Sedar and Porter (1955), Gibbons and Grimstone (1960), and 
Roth and Shigenaka (1964) to be continuous with the ciliary 
doublets. 
As mentioned, it is believed that these structures are 
functional in the organizational activity of the cell and pro­
duce the flagellum if operating as a basal body, or if 
operating as a centriole function some way in organizing the 
spindle, chromosome fibers, and astral rays of the mitotic 
figure. Gall (1961) indicates that there may even be a 
functional polarity in the centriole with one end being con­
cerned with self-replication while the other end operates as 
mentioned above. Regardless of how these questions may be 
resolved, the point of interest here is the microtubular 
nature of the structures of the centriole and basal body. 
In addition to the organelles mentioned, there are 
numerous reports in the literature of the occurrence of 
so-called cytoplasmic microtubules which appear in the cell 
but are not components of the cilia, flagella, mitotic 
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apparatus, basal bodies, or centrioles. One of the first 
observations of a cytoplasmic microtubule was by Palay (1955) 
who observed in dendrite and axon terminals "long tubular 
elements of the endoplasmic reticulum, about 180 A° wide and 
remarkably straight". Since this observation a number of 
authors have reported observing such structures in the den­
drites and axons of neurons from widely differing sources (cf. 
Slautterback's review, 1964). 
Many species of protozoa seem to be especially endowed 
with cytoplasmic microtubules. For example, in the Heliozoa, 
Tilney and Porter (1965) show that the slender axopods of 
Actinosphaerium contain two concentric whorls of up to 500 
microtubules. These tubules are 210-240 A® in diameter and 
many tens of microns long. Other than the matrix material, 
mitochondria and some electron dense bodies scattered along 
the axopod, there is little present but microtubules. 
Roth (1957, 1958, 1959) has observed microtubules in 
Euglena gracilis, Peranema triconympha, Euplotes patella, and 
Paramecium aurelius. Of interest in this particular study is 
the extensive system of microtubules in the Ophryoscolecidae 
family reported by Noirot-Timothee (1960) and Roth and 
Shigenaka (1964). This system will be described in more 
detail later. 
In addition to the above, there are numerous reports of 
similar tubular components beneath the plasmalemma and in 
association with the parabasal bodies of such animals as 
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Carchesium (Randall, 1956), Coleps (Rouiller et al., 1956a), 
Ephelota (Rouiller et , 1956b), Opalina (Noirot-Timothee, 
1959), and Spirostomum ambiguum (Randall, 1957) . Randall 
(1957) associated the 200 A" fibers he found in the last named 
organism with the myonemes, a presumably contractile element 
in these cells. 
Grimstone and Cleveland (1965) show the axostyle of 
termite symbionts to be composed of a flat ribbon of micro­
tubules up to 30 rows thick with as many as 150 microtubules 
per row. These structures are 240 A° in diameter with a wall 
thickness of 40-50 A°. The axostyle of these flagellates 
executes a vigorous sinusoidal bending movement in the living 
cell and the findings of these authors constitute convincing 
correlative evidence of a contractile role in the microtubules. 
Grasse (1956) in discussing the resemblance between axostylar 
fibers and other protozoan fibers concluded that the axostyle 
most closely resembled the myonemes of the ciliate Spirostomum 
mentioned above (Randall, 1957). The reports of workers 
describing such observations in the protozoa is too extensive 
to be exhaustively covered here; however, the above indicates 
the general occurrence of microtubules in these cells. 
Microtubules have been found in association with cen-
trioles. Bessius et al. (1958) observed two tiers of 200 A® 
microtubules projecting outwardly along radii from the circum­
ference of the centriole. It is of interest here to note that 
the ciliary fibers arising from the distal ends of the 
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centrioles are similar in shape and size to the microtubules 
arising from the proximal end of the same centriole. 
Erythrocytes from toadfish have been shown by Fawcett 
(1959) and Fawcett and Wittebsky (1964) to contain a band of 
some 25 microtubules circumscribing the perimeter of this 
discoidal shaped cell. As long ago as 1875 a marginal band or 
border stria was observed by Ranvier (1875) and interpreted by 
Meves (1904) on the basis of supra vital staining techniques 
to be fibrillar in nature. Meves (1904) attributed the dis­
coidal shape to the fibrillar material, which he described as 
having elastic properties, and ascribed to them an important 
role in maintaining the flattened elliptical shape in the 
erythrocyte. Fawcett (1959) substantiated this idea by show­
ing that deformations in the plane of these microtubules 
quickly and elastically recover while deformations perpendicu­
lar to this plane do not recover in like fashion. 
One also encounters microtubules in photoreceptors. 
Ladman (1961) has shown 200 A° fibrils to exist in Muller 
cells of cat retina. Eakin and Westfall (1959) have reported 
150-200 A° tubules in the photoreceptor and the pigment 
epithelium of the parietal eye of the lizard, Scleoporus 
occidentatus. 
Microtubules have been observed in the manchette of 
developing spermatids of the cat and the toad by Burgos and 
Fawcett (1955, 1956). In sperm cells, microtubules have been 
seen and reported by Rebhun (1957) and Roth (1958) . Of 
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interest also are sperm which do not conform to the usual 9+2 
arrangement in their flagellar microtubules. As mentioned 
previously, the 9+2 arrangement has been considered as a 
necessary arrangement for flagellar motion and Porter (1957) 
and Cleland and Rothschild (1959) suggest that this hypothesis 
could be more accurately assessed if deviations from the usual 
pattern could be found and studied. Microtubular components 
in sperm which do not conform to the regular 9+2 arrangement 
have been reported by Afzelius (1962), von Bonsdorff and 
Telkka (1965), Shapiro et a2. (1961), Silveira and Porter 
(1964) , and Robison (1966). Robison (1966) has investigated 
the sperm from the armored insect, Parlatoria oleae Colvee. 
This insect produces a sperm syncitium containing 10-20 
individual spermatozoans, each of which has a complement of 
45-50 microtubules, 140-220 A° in diameter but arranged in a 
spiral. This obvious deviation from the orthodox 9+2 flagellar 
form in no way hinders the sperm, which are actively motile 
upon release from the syncitial bundle. This study, like 
those of Grimstone and Cleveland (1965) on the axostyle, 
offers a significant correlative association implicating the 
microtubule as the agent capable of producing motility. 
Two other studies with sperm tails have yielded salient 
information concerning the smaller subunit structures of the 
microtubules. Pease (1963) and André and Thiery (1963) 
studied sonically frayed flagellar microtubules and demon­
strated on the basis of negatively stained preparations that 
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the flagellar microtubules themselves are composed of 10 or 
11 filaments with subunits having a 55-60 A° spacing. 
The seeming ubiquity of microtubules extends even to 
plants. Ledbetter and Porter (1963) report the finding of 
slender tubules 230-270 A® in diameter and of indeterminate 
length existing in the cortical regions of the cells from two 
angiosperms, Phleum Pratense L. and Spirodela oligorrhiza 
Kurtz, and from one gymnosperm, Juniperus chinensis L. 
Electron micrographs of favorable thin sections of micro­
tubules from the last named species show additional fine 
structure (Ledbetter and Porter, 1964). When these micro­
graphs were optically integrated by Markham's (19 63) rotational 
method, the results indicated that the microtubule is composed 
of 13 smaller subunits with a center-to-center spacing around 
the circumference of 45 A°. This study is in general agree­
ment with the aforementioned works of Pease (1963) and André 
and Thiery (1963). The results suggest a substructure in the 
microtubules with approximate agreement in size. The number 
of subfibers existing in the microtubule may differ in various 
species. This may be the cause of the discrepancy in the 
reported number of filaments in the plant cell and in the 
sonically frayed sperm. 
Despite this brief review, it is apparent that micro­
tubules are generally occurring cell components. They appear 
in widely differing species of animals and in some plants and, 
consequently, it is becoming acceptable to regard them as 
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representatives of a general cellular organelle. 
Many speculations concerning microtubular function have 
been made. These may be categorized as: 
(1) contractile, i.e., aiding in the process of 
motility; 
(2) structural, i.e., maintaining and defining 
cellular shape; 
(3) transportive, i.e., responsible for movement of 
metabolites ; 
(4) synthetic, i.e., acting as an organizer of 
cellular components. 
A tabulation of the observed diameters of microtubules from 
various sources reveals a bimodal distribution. The micro­
tubules either have a range of 240-270 A° or 120-200 A°. The 
larger structures are associated with motility or maintaining 
shape such as in the cilia, axopods, erythrocytes, and 
axostyles. Those of the smaller size are associated with 
synthetic or metabolic sites and are found in the endoplasmic 
reticulum, the golgi complex, and the mitotic apparatus. 
The process of demonstrating which function, if any, is 
being handled by a particular group of microtubules in a cell 
is very difficult and thus far has been largely based on 
circumstantial evidence obtained by association. Most strik­
ing of such associative correlations is the movement of the 
chromosomes during mitosis and the concomitant changes in the 
achromatic figure. Similar correlations are the microtubular 
9+2 arrangement in the cilia and the ciliary beat, cf. 
Gibbons (1961); the production of the flagella by the basal 
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body, cf. Gall (1961); cyclosis in the plant cell, cf. 
Ledbetter and Porter (19 63); and the maintenance of the 
discoidal shape of the erythrocyte, cf. Fawcett (1959). 
Despite the interest in deducing function from correlative 
associations, the process suffers in that more than one 
hypothesis will often explain the obtained data. In order to 
remove this ambiguity and to more clearly understand any 
functional activity which may exist in cellular organelles, 
isolation procedures and chemical tests are often employed. 
Such techniques are becoming prevalent with organelles con­
taining or consisting of microtubules. 
Mazia and Dan (1952) successfully introduced a method of 
obtaining the mitotic apparatus from alcohol fixed sea urchin 
eggs. Further refinements by Mazia et a]^. (1961) and Kane 
(1962) have improved the technique so that the spindle is now 
obtained directly from living cells. The isolated spindle is 
presently being investigated biochemically to obtain informa­
tion about the submolecular construction and function of the 
microtubular spindle fibers (cf. Kane, 1965; Stephens, 1965; 
and Sakai, 1966). 
The isolation and purification of cilia in large 
quantities has been accomplished by Child (1959) and Watson 
and Hopkins (1962). Amino acid compositions of cilia and some 
ciliary fractions have been published by Watson et a2. (1961, 
1963) and Watson and Hopkins (1962). The subtle chemical 
dissection methods of Gibbons (1963, 1965) and Gibbons and 
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Rowe (1965) have allowed a more positive structural identifi­
cation of some structural subunits making up the cilium and 
also the possible location of the motility source. 
Seaman (1960), Hoffman (1965), and Argetsinger (1965) 
have studied isolated basal bodies from Tetrahymena to deter­
mine presence of nucleic acids in these organelles. Such 
information would be highly indicative that these organelles 
are autonomous and could indeed be capable of self-replication 
as indicated by Gall (1961). The results thus far have not, 
however, been conclusive. 
It is perhaps to be expected that attempts would also be 
made at isolating and investigating the chemical properties of 
cytoplasmic microtubules. A review of the literature, however, 
reveals a paucity of reported works. Wolfe (1965) and Gall 
(1965) have reported some preliminary experiments in the 
isolation of microtubules from the red blood cells of sala­
manders. The electron micrographs of Gall (1965) show that 
these microtubules consist of 12-14 longitudinal subunits in a 
circular arrangement. Grimstone and Cleveland (1965) isolated 
the axostyle from the termite symbionts utilizing the digitonin 
method of Child and Mazia (1956). No experiments of a chemical 
nature were reported, however, perhaps due to the lack of 
sufficient numbers of organisms to work with. 
This report describes similar experiments in the isola­
tion and characterization of a cytoplasmic microtubule found 
in the ruminant Oligotrich Protozoa. The results will be 
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described and compared with the information known about other 
microtubular systems. 
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II. MATERIALS AND METHODS 
A. Electron Microscopy 
1. Thin sectioning 
Subcellular structures to be thin sectioned were fixed at 
room temperature for 2 hours by exposure to formaldehyde 
vapors and post-fixed by a 10-15 minute exposure to osmium 
tetroxide vapors. Dehydration was carried out in 10 minute 
exchanges of a graded ethanol series culminating in two 10 
minute changes of absolute ethanol. The fixed, dehydrated 
material was then infiltrated with three 20 minute exchanges 
of a solution of 56 percent butyl and 44 percent ethyl 
methacrylate to which had been added 1 percent (w/v) divinyl 
benzene as a cross linking agent and 1 percent (w/v) benzoyl 
peroxide as an initiator. The infiltrated material was then 
inserted via a hypodermic syringe into 1/32 inch holes drilled 
into polymerized blank poly-methacrylate blocks of the same 
composition as that used for infiltration, thus forming a long 
thin cylinder of subcellular particles. The blocks were then 
polymerized by heating to 60°C for 12-24 hours. Thin sections 
were cut on a Reichert Microtome and picked up on formvar 
coated 200 mesh grids. The sections were stained for 30 
minutes with 1 percent KMnO^ and observations were made using 
an RCA EMU 3 operating at 50 KV. 
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2. Negative staining 
The microtubule preparations were prepared for the elec­
tron microscope by sequentially placing several drops of a 
dilute solution of microtubules on a formvar-covered 200 mesh 
grid, drawing off the drop with bibulous paper after each 
application. In a similar manner a 1 percent (w/v) uranyl 
formate stain was then applied and the final drying of the 
grid accomplished in the microscope chamber. Observations 
were made using an RCA EMU 3 operating at 100 KV. 
B, Spectral Measurements 
The absorbance spectra shown herein were determined using 
a Gary Model 15 recording absorbance spectrophotometer. The 
optical rotation measurements were obtained with a Jasco 
Optical Rotatory Dispersion Recorder Model ORD/UV-5. 
C. Ultracentrifugation 
All ultracentrifugation experiments were conducted in the 
Spinco Model E Analytical Ultracentrifuge. Sedimentation 
velocity experiments were made using the An-D rotor operating 
at 59780 RPM and maintained at 5-8®C. The data were recorded 
on Kodak Metallographic Plates using the schlieren optical 
system. The sedimentation equilibrium experiments were made 
using thé An-J rotor operating at 9341 RPM and maintained at 
5-10®C. The equilibrium data were recorded on Kodak 
Spectroscopic Plates using the Rayleigh Interference Optical 
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system. The data from all centrifuge experiments were analyzed 
and measured with a Nikon Profile Projector Model 6-C. 
D. Amino Acid Analysis 
The determination of the amino acid composition of the 
microtubular protein was accomplished using a Beckman Model 
120 B Amino Acid Analyzer. The hydrolysates were prepared by 
dissolving a lyophillized sample of microtubule protein in 2x 
distilled 6 N HCl. The solution was frozen and the flask 
containing it was evacuated to a pressure of 50 y Hg or less. 
The hydrolysis was performed by maintaining the sample at 
110 t 1.0°C for 22 hours. The HCl was then evaporated from 
the hydrolysate using a rotary vaporizer evacuated by an 
aspirator, the HCl being absorbed in an NaOH trap. The dried 
sample was resuspended in pH 2.2 sodium citrate buffer, 
centrifuged to remove insoluble matter, and applied to the 
resin columns of the Model 120 B Analyzer. 
19 
III. ISOLATION OF MICROTUBULES 
A. Choice of Source Material 
The task of isolating and purifying a desired material 
demands the fulfillment of at least three general requirements. 
These requirements are to have (1) a generally abundant supply 
of raw material, (2) a high concentration of the desired sub­
stance in the raw material, and (3) a readily exploitable 
means of separating the desired substance from the undesired 
remainder. Within reasonable limits, the rumen fauna meet 
these requirements as pertains to the subject matter of this 
study. The degree to which these requirements are met and the 
limitations imposed will be explained in the following pages. 
The Department of Animal Science at Iowa State University 
routinely maintains 1-3 fistulated steers from which rumen 
ingesta may be obtained. The ciliate genera contained in this 
ingesta have been enumerated by Quinn et (1962) and their 
figures show that the total populations of ciliate protozoa 
range between 7-10 (10^) cells per ml. of which about 90 
percent are Oligotrich protozoa. For the studies described 
herein, about 10 liters of the rumen liquid were used for each 
preparation. Thus 10®-10^ cells were usually present for any 
one isolation procedure. Hence the first requirement, a 
plentiful supply of raw material, is easily met. 
The Oligotrich rumminant organisms have been studied 
extensively and the monograph of Noirot-Timothee (1960), the 
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work of Roth and Shigenaka (1964), and the synopsis of Pitelka 
(1963) are referred to the reader for general coverage of the 
extensive network of microtubules in these organisms. Two 
cellular components, the oral apparatus and the pellicle will, 
however, be covered here since they figure prominently in the 
isolation procedure. 
The Oligotrich protozoan possesses a reduced ciliature 
which, in the species Entodinium (typified by the line drawing 
of Figure 2), consists of a single band of cilia surrounding 
the buccal cavity and continuing a short distance into it. 
The cilia terminate on basal bodies which are attached to long 
dense parallel rods about 0.35 y in diameter. These rods, 
referred to as basal rods, are several microns long and are 
oriented obliquely to the long axis of the ciliary band. 
Directly opposite each basal body, and on the distal side of 
the basal rod are located the infraciliary microtubular 
bundles. Each bundle consists of 50-100 hexagonally packed 
microtubules measuring about 15 my in diameter and 2-3 y long, 
with a center-to-center spacing of 25 my. For the purposes of 
this study this assemblage of cilia, basal bodies, basal rods, 
and the microtubular bundles (shown in situ in Figure 3) is 
called an oral apparatus. The other genera of the Oligotrich 
protozoa contain additional ciliated regions which are typical 
of the same complex described above. Electron micrographs 
reveal no differences in these several ciliated regions. 
Hence, for the study to be described herein, they are 
Figure 2. A line drawing of the Oligotrich protozoan 
Entodinium longinucleatum 
The ciliature is confined in this organism to an 
anterior band of cilia (Ci) surrounding the buccal 
cavity (BC) and surrounded by two cytoplasmic lips 
or folds (CF). The cilia (Ci) are shown to termin­
ate on kinetosomes (K) or basal bodies which are 
attached to long basal rods (BR). Part of the 
ciliature is not drawn in so as to more clearly 
illustrate the basal rods and kinetosomes. The 
basal rods are oriented obliquely to the long axis 
of the ciliary band. Connected to these basal rods 
and extending deep into the cytoplasm are the 
infraciliary microtubular bundles (1MB). Shown 
also are the macronucleus (Ma) from which this 
organism derives its name, the micronucleus (Mi), 
and the large food vacuole (Va). 
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Figure 3a. A cross sectional survey micrograph of the oral 
apparatus in the Oligotrich protozoan as it 
appears ^  situ 
The cilia (c), kinetosomes (k), basal rods (br), 
and infraciliary microtubules (m) are seen as 
explained in the text and as diagrammatically 
illustrated in Figure 2. From Roth and Shigenaka 
(1964). x20,000. 
Figure 3b. As in 3a, but in longitudinal view 
From Roth and Shigenaka (1964). x20,000. 
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considered homologues. 
In response to a hostile stimulus these cells will 
retract the ciliated oral apparatus into the buccal cavity 
and cover them with the cytoplasmic folds surrounding the oral 
opening. Upon removal of the stimulus the cell will then 
extend the oral apparatus which is used for motility and food 
gathering. The possibility that the microtubular bundles are 
myonemes responsible for the retraction and extension of the 
oral apparatus has been considered by Noirot-Timothee (1958) . 
She refers to these microtubular bundles as retrociliary 
fibers. 
The only published work, known to this author, specifi­
cally concerned with the pellicular surface of the Oligotrich 
protozoa is the study of Bretschneider (1959) on the pellicle 
of Epidinium ecaudatum. He indicates that a four-layered 
structure exists. A tough outer epipellicle (1) covers the 
true pellicle (2). At the junction of this true pellicle and 
the thick spongy structure which he terms the tela corticalis 
(3) there exists a layer of subpellicular fibers (4) measuring 
50-70 mu in diameter. These subpellicular fibers appear 
densely stained throughout. This is not typical of micro­
tubules in staining characteristics or in size. The published 
micrographs of Bretschneider's work (1959), however, give 
indication of a microtubular component of typical size, 
running between these heavier subpellicular fibers. In the 
present study there has been no indication of a heavy 
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subpellicular fiber, but the microtubular complement of the 
pellicle as described by Noirot-Timothee (1960) was often 
encountered. Noirot-Timothee (1960) shows a pellicle which 
appears scalloped in cross section and which contains in the 
concave depression of each scallop 6-10 microtubules arranged 
in a rectangular array (see also Figure 10a herein). No 
known or implied function of these microtubules has come to the 
attention of this author. 
The approximate amounts of microtubular material in the 
oral apparatus and the pellicle can be calculated as follows. 
It is estimated that there are approximately 3000 cilia in the 
oral apparatus of a typical Diplodinium. On the basis of 
counts of microtubules in the bundle situated beneath each 
cilium, there are in each oral apparatus approximately 
1.5-3.0 (10^) microtubules of lengths up to 10 p. With regard 
to the pellicular microtubules, a large Diplodinium can be 
100 ]x in diameter and 140 p long. The scallops in the cross 
sectional outline measure approximately 0.5 y and contained 
in each scallop are approximately 8 microtubules. Using these 
figures, it is estimated that there are 5 (10^) pellicular 
microtubules with lengths up to 140 p long. From the electron 
micrographs of situ and isolated microtubules, one measures 
180 A® diameters and 50 A® wall thickness in these structures. 
Using a value of 0.7 for the partial specific volume of 
protein (it is assumed that these structures are largely, if 
not entirely, composed of protein), it is then estimated that 
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there is about 2.0 (10~^) mg of microtubular protein per 
pellicle and 4.4-8.8 (10~^) mg microtubular protein per oral 
apparatus. Thus in total there would be 6-11 (10"?) mg micro­
tubular protein per cell. The ratio of oral apparatus to 
pellicular contributions is, therefore, of the order of 2-4. 
A Diplodinium, however, has an adorai ciliated zone as well as 
the oral apparatus and contributes (in effect) two oral 
apparatus in the lysis, thus shifting the ratio even higher. 
Coupled with the above information is the fact that a usual 
isolation experiment utilized 10®-i0^ cells; hence, the 
potential microtubular protein from these two cell components 
is of the order of several hundred mgms. These estimates show 
that the second requirement of having a high content of the 
desired substance in the raw material is adequately met. 
The last requirement, some reproducible and simple method 
of exploiting the resource, has proven to be the overall 
restrictive element in this study. Three major problems have 
been present. They are (1) the heterogeniety of species, 
(2) the problem of lysis, and (3) the fractionation problem. 
Most of the difficulties arising within these problem areas 
have been overcome, at least in part, and the effect of the 
remainder on the data obtained can be reasonably assessed. 
These problem areas and their solutions can best be considered 
in conjunction with the description of the isolation procedure, 
and will be discussed in the next section. 
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B. Isolation Procedure 
1. Harvest, cleaning and fractionation of the Oligotrich 
protozoa 
As mentioned previously, the protozoa used in these 
experiments were obtained from the fistulated steers main­
tained by the Department of Animal Science at this university. 
These animals are maintained on dry rations and exhibit the 
usual heterogeneous protozoal population consisting of several 
species of the Holotrich and Oligotrich protozoa. Since the 
reliability of one's data is dependent on the purity of the 
investigated material, attempts at separation of the widely 
varying species were warranted. The problem could have been 
approached from either of two ways, (1) continuous culture of 
a single isolated species of these protozoa, or (2) mechanical 
separation of the cells directly from the rumen ingesta. 
Research programs are being pursued by a number of workers, 
cf. Coleman (1960), Clarke (1963), and Rahman et al. (1964), 
in an effort to culture Oligotrich protozoa ^  vitro. Most 
of these studies have been made with small cultures (25-30 ml. 
total volume); however, Clarke (1963) has developed methods 
for the cultivation of 2-liter volumes, thus making it possible 
for biochemical studies to be conducted. The time involved in 
the maintenance of these cultures is quite demanding and, 
since the primary aim of this work was not culture studies, 
this approach was not used. The method used was a mechanical 
manipulation to semi-quantitatively separate the Oligotrich 
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population from the Holotrichs and assuming that the contribu­
tions from the final isolate (i.e., the oral apparatus and the 
pellicle) of all the Oligotrichs are the same. The validity 
of this assumption will be considered later. Rumen liquor was 
usually removed in the early morning prior to the feeding of 
the host animals. Removal was by siphoning through a rubber 
hose fitted with a stainless steel strainer to reject large 
food particles. This suspension was then incubated at 39°C in 
a large 14-liter chromatography jar for 30-90 minutes. During 
this incubation the CO2 evolution from the fermenting micro­
organisms would float all the ingesta and debris to the top of 
the jar where it was removed by aspiration. This fermentation 
was sometimes aided by addition of glucose to about 1 percent 
w/v. The sugar is readily metabolized by the bacteria result­
ing in increased evolution of CO2. The Holotrich protozoa 
also ingest the glucose, but convert it to a slowly metabolized 
by-product. This by-product accumulates rapidly in these 
cells making them quite heavy and sluggish and they settle to 
the bottom of the jar. The upper rumen liquid was carefully 
siphoned off and filtered through 200-mesh nylon screen leav­
ing the lower two inches containing the Holotrich species. 
The filtration removed all of the small ingesta and food 
particles, but passed the small Oligotrich protozoa. The 
final result was a clarified quantity of rumen liquid contain­
ing the Oligotrich protozoa and the ruminant bacteria. 
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2. Cellular lysis and fractionation of the oral apparatus and 
pellicles 
The second problem area was that of establishing routine 
methods of lysing the cells such that the microtubular compon­
ent could be readily isolated. The usual mechanical methods 
for cell disruption have proven either too harsh or the cells 
are impervious to the treatment. For example, a sample of the 
Oligotrich protozoa can be treated with the Waring Blender at 
maximum speeds for several minutes with no breakdown of the 
cells. The cells retract their ciliated regions and remain 
permanently non-motile after such treatment, but as far as can 
be determined by use of phase microscopy, they are not struc­
turally altered. The same condition ensues if the cells are 
ground in a tissue homogenizer with a close fitting teflon 
pestle. On the other hand, if an abrasive such as alumina or 
powdered quartz is used in the tissue homogenizer, the cells 
are quickly reduced to a breis of unrecognizable parts. 
Whereas mechanical treatments have produced undesirable 
effects, chemical treatments have given beneficial and useful 
results. Here, however, the treatments must be carried out 
with considerable speed since the organism can protect itself 
by retracting the ciliated regions. When this occurred, the 
treatment usually killed the cell, but no lysis occurred due 
to the structural rigidity of the pellicle. Many different 
reagents were used in attempts to cause a thorough, but gentle, 
lysis of the protozoa. Two of these reagents yielded 
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interesting results and one is used routinely in the extrac­
tion process. 
Sodium dodecyl sulfate (SDS) in concentrations as low as 
2 mM will cause extensive lysis of the Oligotrich protozoa. 
The oral apparatus is liberated as an intact unit. The deter­
gent, however, rapidly interacts with the membrane surrounding 
the cilia, removing it and also removing and/or structurally 
altering either the microtubules or the ciliary fibers. The 
electron micrographs of the oral apparatus treated with SDS 
have not been sufficiently good to assess accurately what the 
detergent does. Moreover the reaction is so fast that any 
attempts to control the effect, e.g., by dilution, are usually 
too late. More work using this reagent could profitably be 
done now that another method for lysis has been achieved. The 
method of choice for lysis is based on weakening the cell 
membrane by use of a chelating agent and bursting the cells 
with an osmotic shock. The procedure routinely used was as 
follows. 
The protozoa were pelleted by a 5-minute centrifugation 
at 50xg. Disruption of the protozoal pellet and resuspension 
of the protozoa was often troublesome due to the rapid fer­
mentation of these microorganisms and/or convection occurring 
when the centrifuge was stopped. In order to circumvent these 
problems, pear-shaped ASTM oil centrifuge tubes modified by 
adding a larger stem with a capacity of approximately 5 mis. 
were employed. The supernatant was quickly removed by 
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aspiration and the cells were immediately and vigorously 
resuspended in 1-2 volumes of a warm (39°C) solution of 2 mM 
EDTA which had been adjusted to pH 7.0 with NaOH. The com­
bination effect of the chelating agent and the osmotic shock 
produced by the rapid change in tonicity of the cellular 
environment causes severe swelling and distension of the 
cytoplasmic lips surrounding the oral apparatus and culimin-
ates as shown in Figure 4 with the lysis of the cell. This 
lysis separates the oral apparatus as an intact unit complete 
with cilia, basal bodies, basal rods, and microtubules. The 
cytoplasmic contents of the cell are extruded and dispersed 
leaving the pellicle empty. Often the detachment of the oral 
apparatus was not complete after this procedure, but a 15-
second treatment in a Waring blender operated at 30-40 volts 
produced sufficient shear to separate the pellicle and oral 
apparatus with no observable damage to the latter. The lysed 
suspension was then quickly cooled to 2-5*C and all other 
experiments were carried out in the cold except where noted. 
The pellicles, oral apparatus, and unlysed cells were 
collected by centrifugation in a Sharpies centrifuge operating 
at 12000 RPM with a flow rate of 1/2-liter per minute. The 
sediment in the Sharpies bowl was resuspended in a 5 mM 
phosphate buffer adjusted to pH 6.8 by combining solutions of 
the di- and monopotassium salts. The suspension was washed 
with this phosphate buffer by several centrifugations at 250xg 
for 10 minutes discarding the supernatant each time. The 
Figure 4a. A phase contrast micrograph showing the result of 
an osmotic shock produced in the Oligotrich 
protozoan by resuspending the cell in a hypotonic 
medium containing a chelating agent 
Note the gross distension of the cytoplasmic 
lips (unlettered arrow) which occurs just prior to 
lysis. x900. 
Figure 4b. A lysed cell showing the rapidly emptying pellicle 
(p) and the isolated oral apparatus (oa) with the 
cilia (c) and infraciliary microtubules (m) still 
attached 
x900. 
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pellets obtained in each wash are characteristically biphasic, 
the lower dark brown portion containing unlysed cells and the 
upper cream colored layer consisting of empty pellicles and 
oral apparatus. The bottom brown layer was discarded after 
each centrifugation and the washing continued until the brown 
layer disappeared and the supernatant washed clear in the 
centrifugation. The final suspension as viewed in the phase 
contrast microscope consisted of a clean collection of oral 
apparatus and empty pellicles. 
Figures 5 and 6 are phase micrographs of a typical oral 
apparatus isolated from a large Diplodinium. It is seen in 
these micrographs that the gross structures innate to the oral 
apparatus (i.e., cilia, basal rods, kinetosomes, and 
infraciliary microtubular bundles) are present and appear 
unaltered following the lysis and fractionation procedures. 
The fine structure in these isolated subcellular entities has 
been determined from electron micrographs of thin sections of 
fixed and imbedded material. Figure 7 illustrates the fine 
structure of the oral apparatus. The kinetosomes, Jbasal rods, 
and infraciliary microtubules appear unaltered as compared 
with their ^  situ condition (cf. Figure 3) and the infra­
ciliary microtubules are still preserved as an intact bundle. 
There are no apparent structures holding these microtubules in 
their characteristic bundle and it is presumed that the asso­
ciation is due to solute interactions being preferred over 
solute-solvent interactions in the conditions imposed on the 
Figure 5. The isolated oral apparatus of a large Diplodinium 
The cilia (c) and the microtubules (m) are plainly-
evident. The microtubules remain in their charac­
teristic bundle after isolation, thus making them 
visible in the light microscope. xl70 0. 
Figure 6. A higher magnification of the isolated oral appara­
tus 
Here the basal rods (br) are evident as well as the 
cilia (c) and the bundles of microtubules (m). 
Granular elements, characteristic of the light 
microscope image of kinetosomes, appear along the 
basal rods. This oral apparatus is in a high ionic 
strength medium and cytoplasmic debris tends to 
adhere to it. In isolation media of extremely low 
ionic strength (2 mM EDTA at pH 6.8-7.0) this 
condition is avoided. x3300. 

Figure 7a. The fine structure of the isolated oral apparatus 
as it appears in the electron microscope 
The cilia (c) appear to have lost their membranes 
in these micrographs, but as discussed in the text, 
this is thought to be a result of the microscope 
preparative techniques. The microtubules (m) are 
seen in their characteristic bundle. Kinetosomes 
(k), basal rods (br). xl9,500. 
Figure 7b. As in 7a, but in longitudinal view showing the 
attachment of the microtubules to the basal rods 
xl8,000. 
? 
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microtubules during the isolation procedure. The condition of 
the cilia in the isolated oral apparatus is considered in the 
next section. 
The fractionation problem is encountered at this stage. 
Many attempts using centrifugal methods were made in an 
attempt to separate the oral apparatus from the pellicles. 
There is sufficient variability in size of these cellular 
parts, however, that no success was obtained by differential 
centrifugation or by zonal gradient centrifugation using light 
gradients (5-30 percent sucrose) or isopycnic gradient centri­
fugation using heavy gradients (30-85 percent sucrose). 
Consequently this suspension of clean pellicles and oral 
apparatus was used with no further manipulations for the next 
step in the isolation procedure. 
3. Differential solubilization and fractionation of the 
infraciliary microtubules 
Gibbons (1963) has shown that ciliary axonemal fibers are 
soluble in neutral salts if the ciliary membrane is first 
removed and relatively insoluble at high ionic strength if the 
membrane is present. Although the micrographs in Figure 7 do 
not show membranes surrounding the cilia, this may be a result 
of the electron microscope preparative techniques. If the 
membrane still surrounds the ciliary axoneme whereas the 
infraciliary microtubules are exposed and if the character­
istics of these two types of microtubules are similar, one 
might expect high ionic strength solutions to cause the infra­
ciliary microtubules to be differentially solubilized leaving 
the ciliary microtubules unaffected by virtue of their 
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protective membrane. This suggestion was tested by increasing 
the ionic strength of the oral apparatus/pellicle suspensions 
by addition of various neutral salts. The condition of the 
oral apparatus was observed in the phase microscope during this 
addition. It was noted that at certain concentrations of salt 
and times of exposure to the salt the infraciliary micro­
tubules disappeared leaving the remainder of the oral apparatus 
intact and, as far as could be determined, unaffected in any 
other way. The time and concentration dependence of solubili­
zation of the infraciliary microtubules for three potassium 
halide salts are tabulated in Table 1. 
Figures 8 and 9 show, respectively, a phase contrast 
micrograph and an electron micrograph of an oral apparatus 
treated for 18 hours in 0.8 M KCl. The phase contrast image 
of the treated oral apparatus appears similar to the non 
treated ones (cf. Figure 5) with the exception that the infra­
ciliary microtubular bundles have disappeared. The electron 
micrograph reveals the fine structural condition of the 
remnant oral apparatus and shows that the cilia and ciliary 
microtubules are largely unaffected. Some breaks in the 
ciliary membranes appear, but the 9+2 axoneme is relatively 
undisturbed. The membrane ruptures may be due to the pro­
cedures used in preparing the specimens for the electron 
microscope or they could reflect a gradual decay following the 
isolation. 
The empty pellicle appears scalloped in cross section as 
shown in Figure 10a and contains 8-10 microtubules in the 
depression of each scallop. Figure 10b illustrates the 
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Table 1. Differential solubilization of infraciliary 
microtubules by neutral salts& 
Molarity KCl KBr KI 
0 _b - -
0.2 -
0.4 - t 
0.6 + t t 
0.8 + t t 
1.0 t t t 
1.2 t t t 
1.4 t t t 
1.6 t t t 
The condition for differential solubilization of the 
infraciliary microtubules is defined as being accomplished 
when the oral apparatus, as viewed in the phase contrast 
microscope, no longer retains the infraciliary microtubule, 
but otherwise appears unaffected; e.g., as contrasted in 
Figures 5 and 8. 
^The symbol - indicates that no solubilization occurred 
within 12 hours after adding the salt. 
"^The symbol t indicates that solubilization occurred 
within one-half hour after adding salt. 
^The symbol + indicates that solubilization occurred 
within a 12-hour period after adding salt. 
Figure 8. The oral apparatus as it appears in the phase 
microscope after being exposed to 0.8 M KCl for 18 
hours at 2°C 
The cilia (c) appear unaffected after this treatment 
and can be seen attached to the basal rods (br) . 
The microtubules are not seen where they normally 
appear (unlettered arrow). It is characteristic 
for the oral apparatus to become curled as shown 
here during the salt extraction. x2100. 

Figure 9. An electron micrograph showing the state of preser­
vation in the oral apparatus after an 18 hour 
extraction in 0.8 M KCl 
In this micrograph the ciliary membrane is seen to 
be present although breaks have occurred. The 9+2 
microtubular axoneme of the cilia (c) has not been 
extracted at the high salt concentration. The 
kinetosomes (k) and basal rods (br) also appear 
unaffected. The unlettered arrow marks the area 
where the bundles of microtubules normally appear. 
x57,500. 
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Figure 10a. The isolated pellicle (p) as it appears in the 
electron microscope 
The isolated pellicle normally appears scalloped 
in cross section. In this particular pellicle 
two arrays of 8-10 microtubules per scallop are 
seen and the microtubules are associated as 
pairs. This pellicle differs from the micrographs 
of the pellicle shown in Bretschneider (1959) and 
Noirot-Timothee (1960). The micrographs of these 
authors show only one such group of microtubules 
per scallop in whole cells. The isolated 
pellicle may assume a new conformation during the 
isolation procedure. x34,000. 
Figure 10b. Electron micrographs of thin sections of the 
pellicle after extraction with 0.8 M KCl for 18 
hours no longer shows the pellicular microtubules 
(unlettered arrow) 
x38,000. 
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pellicle after an 18-hour exposure to 0.8 M KCl and shows that 
the microtubules are no longer present. The implication of 
this source of microtubules as regards the final isolate will 
be considered later. 
The solubilization process routinely used was exposure of 
a suspension of pellicles and oral apparatus to 0.8 m KCl for 
18 hours at 2®C with mild agitation and observing the suspen­
sion periodically in the phase contrast microscope. When it 
was confirmed by observation that the infraciliary microtubular 
bundles had disappeared, the suspension was centrifuged for 
20 minutes at 32000xg. The clear supernatant was carefully 
pipetted off and saved and the pellets were discarded. The 
usual protein yield from an initial 10-liter sample of rumen 
fluid was 50-100 mg at a concentration of 0.05-0.10 mg/ml as 
determined by the method of Lowry, et al. (1951) using a 
bovine serum albumen standard. 
To facilitate further purification of this salt extract, 
the protein was concentrated by one of two methods. The first 
and most routinely used was pressure dialysis through Visking 
tubing and the second was by ultrafiltration using a Diaflo 
Ultrafiltration Cell (Amicon Corp, Cambridge, Massachusetts). 
The protein shows a tendency to aggregate upon increasing the 
concentration and a marked irreversible aggregation occurred 
on the Diaflo Membrane (UM-1) used in the ultrafiltration cell. 
Consequently the pressure dialysis method, although much 
slower, was the preferred choice for concentrating. 
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The original extract as shown in Figure 11, absorbs 
maximally at 260 my. During the concentration and dialysis 
procedure a spectral shift occurs such that following 20-30 
hours of dialysis against a 0.3 M KCl 5mM phosphate pH 6.8 
buffer, the absorption maximum occurs at 276 mji and some fine 
structural absorbance bands from the aromatic amino acids 
become observable. Due to the suggestion by Gall (1961) that 
centrioles (and/or kinetosomes) are autonomous structures 
and their existence in the cell is not attributable to nuclear 
control, the idea that nucleic acids should form an innate 
part of these organelles has arisen. Hoffman (1965), Seaman 
(1960), and Argetsinger (1965) have all attempted to demon­
strate the existence of nucleic acids in isolated fractions 
of kinetosomes. Since the above mentioned organelles and 
the microtubules of this study are morphologically the same, 
the spectral shift described above evokes some interest in 
an explanation of its cause and origin. The component 
responsible for the 260 my aborbance is certainly of very 
small molecular weight since the pores of the dialysis membrane 
are of sufficient size to allow this material to pass through. 
It has been assumed that this component is extracted as a 
contaminant from the oral apparatus and/or pellicular compon­
ents and is not an integral part of the microtubular bundles 
themselves; however, no experiments were made to verify this 
supposition. 
Electron micrographs of negatively stained preparations 
Figure 11. Absorption spectra of the microtubular protein 
extract 
The broken line shows the spectrum of the initial 
extract with an absorption maximum at 260 my. The 
solid line shows the spectrum after the dilute 
solution has been concentrated and dialyzed 
against a 0.3 M KCl, 5 mM phosphate pH 6.8 buffer. 
This last curve shows an absorption maximum at 
276 my and some indications of fine structure due 
to the aromatic amino acids. 
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of this protein solution are shown in Figure 12. The isolate 
is seen to contain long microfibrillar structures with periodi­
cities along the axis of the fibril measuring approximately 
40 A®. The width of these microfibrils varies from a maximum 
of 160 A® to about 40 A° and indicates that the microtubule is 
being isolated in varying degrees of intactness. 
When the concentrated isolate was analyzed by ultracentri-
fugation, the Schlieren pattern showed a rapidly sedimenting 
hypersharp peak and a heterogeneous low molecular weight peak 
(see Figure 13). The highly assymetrical microfibrils shown 
in Figure 12 would be expected to show self-sharpening tenden­
cies in the ultracentrifuge and thus produce a hypersharp 
Schlieren pattern. This peak, therefore, was interpreted to 
be due to the microfibril component in the isolate. The 
nature and origin of the low molecular weight material is not 
known. In order to facilitate further characterization 
studies, the microfibril component was separated from the 
small material by gel filtration through G-200 Sephadex. A 
typical separation on such a column is shown in Figure 14. 
The front eluant (Peak F of Figure 14) and the second peak (S) 
were collected, reconcentrated and analyzed in the ultracen­
trifuge. The Schlieren patterns of Figure 15 show that the 
slow sedimenting component and the rapidly sedimenting hyper­
sharp peak have been effectively separated by the gel filtra­
tion. The broad peak (E) coming off the column with the 
elution volume contains largely sucrose which is added to the 
Figure 12. A negatively stained preparation of the micro-
tubular protein as it appears in the electron 
microscope 
The larger fibers (m) may be intact or partially 
degraded microtubules. The thin linear arrays (1) 
of apparently globular units are interpreted to be 
the protofilaments (using the terminology of 
Andre and Thiery, 1963) which make up the micro­
tubules. x320,000. 
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Figure 13. Ultracentrifugal analysis of the microtubular extract reveals a rapidly 
sedimenting hypersharp boundary and a slowly sedimenting boundary 
Rotor speed, 59,780 RPM; exposure interval, 8 minutes; bar angle, 50°; 
concentration, 2.4 mg/ml; rotor temperature, 6.5°C; solvent, 0.3 M KCl, 
5 itiM phosphate buffer, pH 6.8. 
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Figure 14. The elution plot of the microtubular protein extract from a G-200 
Sephadex column 
The sample was contained in 0.3 M KCl, 5 mM phosphate buffer, pH 6.8 to 
which sucrose had been added to a concentration of 10-15 %. The sucrose 
was added to increase the density of the sample in order that it could 
be layered directly onto the gel column underneath the eluting buffer. 
The column was then developed with the 0.3 M KCl, 5 mM phosphate buffer. 
The large fraction (F) is eluted with the void volume and is followed by 
a second smaller fraction (S). Fraction (E) which comes with the 
elution volume contains the sucrose and other small ultraviolet absorb­
ing components. 
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Figure 15. Ultracentrifugal analysis of the F and S fractions shown in Figure 14 
The upper trace shows the schlieren pattern obtained from Fraction F and 
the lower trace shows the pattern obtained with Fraction S. The 
schlieren analysis indicates the effectiveness of the G-200 Sephadex gel 
filtration in separating the two components shown in Figure 13. Bar 
angle, 60°; other conditions as in Figure 13. 
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protein solution to increase its density, thus enabling it to 
be applied directly to the gel by layering it underneath the 
elution buffer. The shoulder structure in this peak, however, 
indicates that the isolate contains some very small UV adsorb­
ing components; e.g., small peptides, amino acids or 
nucleotides. Electron micrographs of the material in Fraction 
F (Figure 14) show the same microfibrillar components that are 
shown in Figure 12. This fraction was used for all subsequent 
characterization experiments. 
C. Discussion of Results 
At the beginning of the lysing phase of any particular 
experiment a semi-quantitative species separation had been 
accomplished yielding a suspension of Oligotrich protozoa and 
some residual Holotrich species. The residual Holotrich 
organisms also lyse, but they do not yield any readily 
recognizable parts such as an oral apparatus or a pellicle. 
The organisms tend rather to disintegrate and their pellicles 
can be seen in small portions in the lysed breis. These 
remains are lost in the washing procedure and one very seldom 
sees a portion of a Holotrich pellicle in the final clean 
suspension of oral apparatus and pellicles. Hence, no readily 
detectable contamination comes from the Holotrich species. 
It was assumed earlier that the contributions of pellicle 
and oral apparatus from varying Oligotrich species were 
identical. That this is a valid assumption is indicated by 
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the following argument. Taxonomic identification of the vari­
ous species of Oligotrich rumen protozoa is based on observable 
entities such as the placement of ciliated areas, degree of 
caudal spination, and size of the macronucleus. As noted 
before, regardless of the number and placement of ciliated 
regions of these cells, they all manifest the same general 
morphology of the oral apparatus, and electron micrographs of 
these areas reveal no significant differences. Moreover, in 
agreement with earlier workers, Clarke (1963) has noted that 
in vitro clone cultures started from a single cell soon exhibit 
organisms corresponding to several different species. This 
suggests that species differentiation may be only expressions 
of genetic variability in a more fundamental class of cells. 
Consequently as far as this study was concerned, the 
Oligotrich suborder of taxonomic differentiation was consid­
ered a sufficient level of discrimination in the isolation 
procedure. 
The micrographs of the material contained in the isolated 
front fraction of Figure 14 compare favorably insofar as 
linear periodicities and cross sectional size of microtubules 
studied ^  situ are concerned as discussed in Section I. 
Figures 7 and 9 give reasonable evidence that ciliary micro­
tubules are not solubilized during the salt extraction. 
Consequently, it can be concluded that the isolation process 
is specific for the pellicular and infraciliary microtubules, 
isolating them in a microfibril form and yielding no 
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significant contributions from the ciliary microtubules. 
Despite the morphological similarity of the microtubules 
in the pellicle and the oral apparatus, it is conceivable that 
they could have a different structure and composition. If so, 
it is also conceivable that they would react differently in 
the salt extraction. If the pellicular microtubules were 
solubilized in the salt extraction to the fundamental units 
making up the microtubule, they would be of the same size 
(estimated from the electron micrographs) as the low molecular 
weight material observed in the ultracentrifuge. These then 
would be separated in the G-200 Sephadex fractionation. If 
the pellicular microtubules are isolated in microfibril form 
as the oral apparatus microtubules are and if the former are 
of a different structure and composition than the latter, then 
the final fraction cannot be considered a pure protein. The 
limits of the impurity are, however, approximately known and 
have been discussed previously (page 18). It can be concluded 
then that the previously described isolation procedure yields 
a purified solution of microtubules of which at least 66-80 
percent are contributed from the oral apparatus. 
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IV. CHARACTERIZATION STUDIES ON THE MICROTUBULAR PROTEIN 
A. Dissociation Experiments 
The micrographs of the negatively stained microfibrils 
indicate that small structural units 40 A® in diameter make up 
the microtubule. In order to study the physical and chemical 
characteristics of these smaller units, a number of experi­
ments were performed in an attempt to dissociate the micro­
fibril into its more fundamental parts. These experiments 
were all performed in the analytical ultracentrifuge noting 
the appearance of slower sedimenting species (such as a 40 A® 
unit would have) arising at the expense of the hypersharp 
microfibril peak. In many instances throughout these experi­
ments there was an indication of a slower sedimenting component 
and where possible the sedimentation coefficient for this 
component was determined. The experiments were conducted at 
low protein concentrations and hence the accuracy in deter­
mining the sedimentation coefficient of the slower components 
is subject to some error. Notwithstanding this limitation, 
the results indicated that all slower moving components aris­
ing at the expense of the hypersharp microfibril peak fell in 
the range of 2-4 svedberg units and consequently give indica­
tion as to the limits of the sedimentation coefficient which 
the dissociated particles have. These experiments are 
itemized in Table 2. The treatment with alkali which was used 
by Gibbons (1963) to dissociate the ciliary proteins 
Table 2. Microtubular protein dissociation studies 
a Results Variable Conditions ;c 
Control 5inM phosphate, 0.6M KCl buffer, pH 7.0 + -
Temperature Incubated for 30 minutes at 60°C + -
Ionic Exhaustive dialysis vs 5mM phosphate buffer, pH 7.0 + 
strength 
Disulfide O.OIM Clelands Reagent (dithiothreitol) incubated for 30 + + 
reagent minutes at room temperature 
Organic 5(10"^)M Mersalyl Acid; protein in 5mM phosphate buffer, - +[2.6] 
mercurials pH 7.0; incubated 30 minutes at room temperature 
4(10~^)M pMB; other conditions as specified in the - + 
Mersalyl Acid treated sample 
Detergents 2(10~^)M Na-Deoxycholate + + 
4(10"3)M Na-Dodecyl sulfate, protein in 5mM phosphate + +[2.9] 
buffer, pH 7.0 
Indicated in this column are the final concentrations of added reagents and/or 
extent of physical manipulations made (e.g., dialysis, incubation, etc.). If not 
otherwise specified, the protein is in that buffer indicated in the control. 
^This column indicates the presence (+) or absence (-) of the hypersharp peak 
as described in the text. v 
c This column indicates the presence (+) or absence (-) of the slowly sedimenting 
boundary. Bracketed figures are the S20 w values for those cases where this compon­
ent was present in sufficient concentration to allow a measurement to be made. 
Table 2. (continued) 
Variable Conditions^ ^^Results 
Urea 4M Urea + -
pH 24 hr. dialysis vs 4itiM NazHPO^-NaOH, 0.2M KCl, pH 11.6 +D^ + [2. 3] 
24 hr. dialysis vs 4mM NagCOg, 0.2M KCl, pH 10.3 +D + [3. 6] 
24 hr. dialysis vs 4mM tris, 0.2M KCl, pH 9.4 + + [3. 1] 
24 hr. dialysis vs 4mM tris, 0.2M KCl, pH 8.5 + + [4. 2] 
24 hr. dialysis vs 5mM phosphate, 0.4M KCl, pH 6.0 + -
24 hr. dialysis vs 5mM Na-acetate, 0.4M KCl, pH 5.0 +D® -
24 hr. dialysis vs 5mM Na-acetate, 0.4M KCl, pH 4.0 +D -
24 
3. 
hr. 
0, 2 
dialysis vs 
.0 and 1.0 
SitiM Na-pyrophosphate, 0.4M KCl, pH - -
0. IM NagCOg, incubated 60 minutes at room temperature +D + 
"^This indicates the hypersharp peak noticeably diminished in size. 
0 Two small peaks were observed with S^pp = 8.3, 10.1. 
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considerably reduces the size of the hypersharp peak, but does 
not completely eliminate it. The detergent concentrations 
were chosen to simulate the same conditions as used in lysis 
of the protozoal cells (see page 31 herein) and do not reflect 
the usual concentrations used in studying protein conforma­
tional changes. In all experiments performed, some mild 
process of dissociation without denaturation was being sought. 
It is to be noted that in most cases the hypersharp peak 
component persisted throughout the experiment. In those cases 
where the hypersharp peak persisted, it can be concluded that 
either no dissociation or incomplete dissociation occurred. 
Exceptions to this are noted in those experiments conducted at 
low pH where the isoelectric point has been exceeded causing 
the protein to precipitate and those experiments using the 
organic mercurials, p-hydroxy-mercuribenzoate (pMB) and 
mersalyl acid (MA). The dramatic change effected by such low 
concentrations of the mercurials suggest that they may be 
accomplishing a dissociation of the microfibril into its 
component parts. In order to assess the validity of this 
suggestion, several experiments have been performed in order 
to assess the conformational change occurring in the protein 
when it reacts with the mercurial and to characterize in part 
the size and structure of the product formed. These data will 
be presented in the next section. 
The aqueous solubilization of pMB is accomplished only 
with basic solvents and the solutions are very sensitive to 
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light degradation. Mersalyl acid, however, is readily soluble 
in water and, as far as is known by the author, not sensitive 
to light. Consequently, the experiments described later using 
organic mercurials all employed mersalyl acid as the reagent 
of choice. It was also noted that the reaction is somewhat 
dependent on the amount of salt present. Very little degrada­
tion of the hypersharp peak occurred if the protein was in a 
buffer of high ionic strength (0.6 M KCl). Consequently, the 
method routinely employed was to first dialyze the protein 
against a 0.01 M phosphate, 0.05 M KCl, pH 6.8 buffer for 
12-18 hours at 5®C and then add the mercurial to the solution 
after bringing the latter to room temperature. The reaction 
was complete in less than 20 minutes at room temperature. This 
time figure represents the minimum time in which a sample 
could be assayed in the ultracentrifuge. The actual reaction 
was probably complete in a much shorter time. Adjustments in 
ionic strength of the protein solution were always made at 
least 30 minutes after the mersalyl acid was added. 
B. Optical Rotatory Dispersion Experiments 
In view of the fact that the presence of an organic 
mercurial transforms the rapidly sedimenting microfibril into 
a slowly sedimenting component, it became of interest to 
ascertain the degree of structural alteration occurring in the 
protein as a result of this transformation. One of the most 
sensitive means of detecting structural alterations in 
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proteins is to follow the concomitant optical rotation changes 
which occur. 
It has long been a standard practice to consider the 
changes in the optical rotation of a protein at the sodium D 
line (589 mu) as a representative measure of denaturation. In 
the past few years, instruments have become commercially avail­
able which allow optical rotation measurements to be made over 
the entire visible, ultraviolet, and far ultraviolet regions 
of the spectrum. This enhanced instrumental capability has 
greatly aided conformational studies of proteins, since 
changes which occur in the optical activity are most notice­
able in those regions where anomalous dispersion, or a so-
called Cotton effect, occurs. For proteins these Cotton 
effects occur in the far ultraviolet regions of the spectrum. 
The basis of the optical activity of proteins and poly­
peptides lies in the assymetry of the constituent amino acids 
and in the assymetric arrangement of the peptide backbone or, 
as more commonly stated, the conformation of the protein. 
Many good reviews and theoretical treatments of the basis of 
the optical activity in proteins are to be found in the 
literature (cf. Urnes and Doty, 1961; Moscowitz, 1960; Heller 
and Pitts, 1960) and undue concern in this regard will be 
avoided here. In general, denatured proteins and polypeptides 
in the random coil configuration show a smooth dispersion 
curve through the visible spectrum and a negative Cotton 
effect in the far ultraviolet with a trough occurring at about 
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204 my. Structural or conformational properties such as the 
helix or the 3 configurations shift the Cotton effect to 
higher wavelengths. In these more ordered proteins and poly­
peptides the dispersion is usually smooth throughout the 
visible spectrum, but the Cotton effect occurring in the 
ultraviolet regions has a trough at about 233 my and a cross­
over at 220-225 my. Other distinguishable features in the 
dispersion curve occur at lower wavelengths, but they will not 
be of concern here since in this study the lower limit obtain­
able (due to absorption problems) was 220 my. 
The optical rotatory dispersion of the microfibril 
preparation and the mersalyl acid derivative in the 220-350 my 
range are shown in Figure 16. The protein was dissolved in a 
low ionic strength buffer (5 mM phosphate, 50 mM KCl, pH 6.8) 
to concentrations of the order of 0.05 percent. In all 
measurements the solvent baseline was established before and 
after the protein dispersion curve to ensure against instrument-
drift. A buffer sample containing the same concentration of 
mersalyl acid used in treating the protein (usually 5 (10"^) M) 
was utilized to establish the baseline for the dispersion 
curve of the protein-mercurial complex. There appears to be no 
optical rotation due to the mercurial in solution although the 
possibility exists that it may become optically active upon 
complexing with the protein. 
The reduced mean residue rotations, [m']^, were computed 
from the relationship: 
Figure 16. The reduced mean residue rotations [m']% of the 
microfibril preparation (solid line) and the 
mersalyl acid derivative (broken line) as a 
function of the wavelength (my) 
The error bar is a measure of the noise level in 
the instrument at 233 my. 
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MRW X 3 (1) [m-]. 100 n2 + 2 
where 
rotation at wavelength X as observed on 
X 
the polarimeter 
MRW = mean residue weight of the amino acids 
(assumed to be 115) 
c = concentration in gm/ml 
£ = length of the polarimeter cell in decimeters 
n = index of refraction of the solvent at wave­
length X. (Since the difference between the 
3 
values of % . x for water and the buffer 
ny + 2 
employed in these studies is negligible, the 
values for the former solvent as published 
by Fasman (1963) were used.) 
The curves in Figure 16 show, for both forms of the protein, 
a moderate Cotton effect in the far ultraviolet with a trough 
at 233 my and a crossover occurring between 220-225 my. The 
precise crossover point is difficult to establish since the 
solute absorbance becomes so large as X approaches 220 my that 
the polarimeter readings become unreliable. The mean residue 
rotation at the 233 my trough for the microfibril preparation 
is approximately -4000®. 
Figure 16 shows that within the limits of error imposed 
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by the recording instrument used, there is no difference in 
the dispersion curves for either the microfibril form or the 
mersalyl acid derivative of the microtubular protein. This is 
taken to mean that the transition from the rapidly sedimenting 
hypersharp peak component to the slowly sedimenting component 
has not effected any gross alteration in the protein conforma­
tion. Drawing from the electron microscope data of Figure 12, 
it is concluded then that the reaction of mersalyl acid (and 
by analogy, the reaction of pMB) with the microtubular protein 
dissociates the 40 A® particles of the microfibril in such a 
fashion as to leave the native conformation of these protein 
subunits relatively undisturbed. 
In principle, if given a reliable reference frame, the 
rotatory dispersion curve should be able to give some details 
concerning the conformation of a protein. In practice this 
has usually been restricted to an application of one or both 
of the following two methods. 
The first method involves a comparison of the [m']233 
value of an unknown protein with the [m']23svalues of some 
reference proteins or polypeptides whose conformation is known. 
Polypeptides which can be made to assume the «-helical con­
formation and the fully extended random coil are usually 
chosen. The comparison is thus taken to be a measure of the 
percent helical structure existing in the investigated protein. 
Using the above m' value of -4000* and the data obtained by 
Blout (1963) for poly-L-glutamic acid (PGA) in the helical 
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form ([m'] 23 3 == -12 ,900®) and in the random coil form 
([m']2 33 - -1790®) approximately 20 percent of the microtubular 
protein is indicated as being in the helical configuration. 
The other method involves fitting the data to the Moffitt 
equation 
(2) [m']^ 
2 
ao^o bo^o 
(X^ -
This empirical equation, developed by Moffitt and Yang (1956), 
relates the mean residue rotation to three determinable con­
stants: aof bo, and Xg. It is not the purpose of this work 
to exhaustively consider the meaning of the constants in the 
Moffitt equation; however, from summaries of the measurements 
made on many different proteins. Urnes and Doty (19 61) have 
shown that a direct correlation exists between the bg value 
and the helical content of a protein. If one rearranges 
Equation 2 such that: 
^0 ^ 0 (3) [m']^[x2 - xg] = aoXg + ^ 
^ 0 ) 
One can then plot [m'I^EX^-Xg] as a function of [X^-x^]"! and 
derive a bo value from the slope of this plot and the relation; 
(4 )  b „  =  
^0 
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The ao value can be determined from the value of the intercept 
and the relation: 
(5) a„ = intercept 
In practice the usual procedure is to employ the rotational 
values obtained in the visible region and use Xq = 212 my. 
The optical rotations caused by the microtubular protein in 
the visible spectrum are so small that fitting the data to a 
Moffitt plot leads to indeterminate results and this approach 
has not been pursued. 
C. Ultracentrifugation Experiments 
1. Sedimentation velocity measurements 
The ultracentrifugal analysis of the microtubular protein 
includes both sedimentation velocity and sedimentation equili­
brium experiments. The sedimentation velocity schlieren 
patterns for the microfibril form of this protein have been 
discussed briefly in connection with Figures 13 and 15. As 
mentioned before, the microfibrils form a rapidly sedimenting 
hypersharp boundary in the ultracentrifuge. The extrapolation 
to infinite dilution of the corrected sedimentation coeffi­
cients for this material is shown in Figure 18. The Sfo^w 
value obtained is ,15.6 and the plot shows that the sedimenta­
tion coefficients vary inversely with the concentration, a 
fact to be expected from the form of the schlieren pattern 
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obtained for this material. Although it appears from the 
electron micrographs that the microfibril preparation is poly-
disperse, the schlieren patterns show no indications of this 
polydispersity in the experiments made at low protein concen­
trations. The hypersharp peak persists, although diminishing 
in size, throughout all of these experiments. This may 
indicate that the majority of the microfibril preparation is 
in one of the two forms shown in Figure 12 (i.e., the large 
fibers labeled m or the small linears arrays labeled I) and 
in the process of negative staining, aggregation occurs to 
make the m fibers or fraying occurs to make the Z fiber. 
The slowly sedimenting component resulting from addition 
of mersalyl acid is illustrated in Figure 17. In all cases a 
slowly sedimenting peak with a corrected sedimentation 
coefficient in the range of 2.5 is obtained. The corrected 
sedimentation coefficient for this component, plotted as a 
function of concentration, is also shown in Figure 18. The 
S20,w value is 2.3. This plot shows that the 820,# values 
increase as the concentration is increased. The possible 
implications of this concentration dependence will be dis­
cussed later. 
Measurements of the protein concentration in the ultra-
centrifugation experiments involving the mersalyl acid 
derivatives were made by integrating the areas under the 
schlieren peaks and comparing these areas to reference-values 
obtained from a calibration cell for the analytical 
Figure 17, Sedimentation velocity schlieren pattern of the 
mersalyl acid derivative of the microtubular 
proteins 
A single component sedimenting at S2o,w ~ 2.5 S is 
seen. Rotor speed, 59,780; rotor temperature, 5°C; 
bar angle, 50°; solvent, 50 mM KCl, 5 mM phosphate 
buffer, pH 6.8. 
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Fig.l7 
Figure 18. The concentration dependence of the sedimentation 
coefficients for the microfibril preparation (a) 
and the mersalyl acid derivative (b) 
The sedimentation coefficient at infinite dilution 
is 15.6 S for the microfibril preparation and 2.3 
S for the mersalyl acid derivative. The micro­
fibril preparation shows a decrease in the 
sedimentation coefficient as the concentration 
increases while the mersalyl acid complex shows an 
increase in the sedimentation coefficient as the 
concentration increases. 
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ultracentrifuge. The calibration cell is an especially con­
structed cell containing a low angle prism having two parallel 
lines of known separation inscribed thereon. When the rotor 
is operated with this cell in place, the schlieren optical 
system records a measurable area bounded by the image of the 
two inscribed lines, the undeviated image of the schlieren 
analyzer (i.e., with the analyzer angle 9 set at 90®) and the 
image of the analyzer when set at some arbitrary angle 6 
where 0 is the angle which the analyzer makes with the image 
of the light source slit. This measured area reflects both 
the horizontal and vertical magnification factors of the 
ultracentrifuge for a system of known refractive index. It is 
known that the concentration of a sedimenting component can be 
computed from the area circumscribed by the schlieren peak, 
the refractive index of the solution, the angle of the 
schlieren analyzer, the magnification factors of the instru­
ment, and the duration of time of sedimentation. With the 
independent measurement made by the calibration cell it is 
possible to eliminate the instrumental factors. Thus the 
concentration may be determined by a direct comparison of 
areas if the specific refractive index increment of the solute 
is known or assumed. In the experiments described herein a 
value of 1.86 (10~^) has been assumed as the specific refrac­
tive index increment for the microtubular protein. 
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2. Sedimentation equilibrium 
It has been shown by Svedberg and Pederson (1940) that 
under equilibrium conditions in the ultracentrifuge the 
molecular weight M of a given solute is determined by: 
< 8 >  »  =  
where: 
R = universal gas constant 
T = the absolute temperature 
V = partial specific volume of the solute 
p = density of the solution 
(D = angular velocity of the rotor 
c = the concentration at any point (x) in the cell 
X = the distance from the axis of rotation. 
For an ideal monodisperse binary system the molecular weight 
can be determined from the slope of the plot of In c vs, x^. 
Plots which are concave upward are indicative of polydispersity 
while plots which are concave downward indicate nonideality of 
the solution. 
The molecular weight of the 2.3 S component has been 
evaluated from a sedimentation equilibrium experiment by the 
above described method. The interferograms showing the data 
of the equilibrium experiment and the synthetic boundary cell 
experiment (used to determine the initial concentration) are 
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shown in Figure 19. 
In order to apply Equation 8 to the interferograms of 
Figure 20, it is necessary that the concentration at some 
point in the cell corresponding to one of the fringes be known. 
This can be accomplished by removing the filter from the 
optical system and taking a "white light" picture as soon as 
the centrifuge has achieved operating speed. The zeroth order 
fringe of such a picture appears darker than the other fringes. 
Since no redistribution of solute has yet occurred, this dark 
central fringe corresponds to the initial concentration cg. 
The actual value of cq is determined by a synthetic boundary 
cell experiment in which a volume of solvent is layered over 
the solution and a count of the resultant fringe shift 
occurring across the boundary is made. Concentration may be 
expressed in any convenient units. Fringe number is used here 
since the data is already displayed in this way. With the 
determination of that point in the cell where Cq still exists 
and with the actual cq value obtained from the synthetic 
boundary cell, it is a simple matter to count the fringe 
shifts in_either direction from cq and measure the correspond­
ing x^ values. A plot of the In c vs. x^ values for the 
interferograms of Figure 19 is shown in Figure 20. 
Figure 20 does indicate a polydisperse preparation; 
however, this indication is only manifest in the lower regions 
(highest x^ values) of the cell. In the upper regions of the 
cell the data form a linear plot. The derivation of Equation 8 
Figure 19. Rayleigh interference patterns of a sedimentation 
equilibrium experiment with the mersalyl acid 
derivative of the microtubular protein 
The equilibrium condition (a), the synthetic 
boundary cell run (b). 
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Figure 20. Plot of In c vs. of the data exhibited in 
Figure 19 
The molecular weight attributed to the mersalyl 
acid derivative of the microtubule protein is 
computed from the linear portion of this plot. 
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indicates no limitations on the portion of the cell over which 
the equation must be applied. In principle one can determine 
the molecular weight at any point in the cell from such a plot 
if the slope can be accurately assessed. It is thus indicated 
that the inhomogeneity of the preparation is limited to rather 
high molecular weight components which under the conditions of 
this experiment have moved toward the bottom of the cell. On 
the other hand, it is also indicated that the component 
responsible for the linear part of the plot is homogeneous and 
that a determination of the molecular weight in this region 
would reflect the size of the component released by the action 
of mersalyl acid. The molecular weight computed from the 
slope—of the linear portion of the plot in Figure 20 is 27,000 
gm mole-i. 
It is of interest to compare the molecular weight com­
puted above with the molecular weight estimated from the data 
of Figure 12. Assuming the subunit particles of 40 A® separa­
tion to be spherical and that the separation reflects the 
diameter of these particles, we may estimate the molecular 
weight (M) from the relation M = NVp where 
N = Avogadro's number (number particles/mole) 
V = volume per particle 
p = mass per unit volume. 
Using N = 6.02 (10^^), V = ird^/ô, where d = 4(10"?) cm, and 
with p assumed to be 1.33 gm cm~^ (cf. Cohn and Edsall, 1943, 
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p. 377), M is computed to be 26,900 gm mole"^. This degree of 
correlation strongly supports the justification for computing 
a molecular weight from the linear portion of Figure 20. 
The implications of the polydispersity indicated in 
Figure 20 will be discussed later in context with the informa­
tion obtained from the sedimentation velocity measurements. 
D. Amino Acid Composition Studies 
The amino acid composition of the microtubular protein, 
ascertained by the method described in the Materials and 
Methods section, is tabulated in Table 3. Included for com­
parison purposes are the amino acid compositions of isolated 
organelles known to be microtubular in nature. These 
organelles are the cilia from the protozoan, Tetrahymena 
pyriformis, the isolated mitotic apparatus from the eggs of 
the sea urchin, Strongylocentrotus purpuratus, and the 
flagella from the free living alga, Chlamydomonas moewusii. 
Glutamic acid, aspartic acid and leucine appear in high 
concentrations in all of these isolated organelles. Perhaps 
the most noticeable features of the microtubular protein is 
the very high content of lysine and the very low content of 
serine and threonine as compared with the other organelles. 
Cysteine also appears to be present in relatively high content 
in this protein as compared to the other systems. This is 
of interest in regard to the dissociation reaction. It is 
well known that pMB binds almost exclusively with free 
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Table 3. Comparative amino acid composition in moles per 10 % 
moles recovered amino acid for infraciliary 
microtubules^ isolated mitotic apparatus, cilia 
and flagella 
Microtubules Mitotic App.^ Cilia^ Flagella^ 
Aspartic acid 122.0 107.8 113 113 
Threonine 32.9 60.9 85 52 
Serine 14.6 80.4 77 56 
Glutamic acid 139.5 124.2 124 131 
Proline 55.1 58.5 28 21 
Glycine 45.9 87.7 66 45 
Alanine 89.4 76.7 97 72 
1/2 Cystine 21.2^ 3.7 - -
Valine 60.6 74.9 49 60 
Methionine 14.9 - 19 9 
Isoleucine 45.5 - 53 45 
Leucine 112.8 144.3 79 103 
Tyrosine 23.8 7.3 30 11 
Phenylalanine 55.8 36.5 42 50 
Lysine 100.2 56.6 60 57 
Histidine 25.4 20.1 28 19 
Arginine 40.3 60.3 48 59 
NH3 146.2 - 155 29 
^Recalculated from Mazia (1955). 
^From Watson et a^. (1964) . 
^Recalculated from Jones and Lewin (1959). 
'^Includes the meso-cysteine product formed during 
hydrolysis. 
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sulfhydryl groups and the action of mersalyl acid indicates a 
similar, if not identical, reaction. 
If the widely differing amino acids (lysine, serine, 
threonine, and systeine) are not included, a comparison of the 
13 remaining amino acids reveals in the flagellar case that 7 
are within 15 percent of those tabulated for the microtubule, 
3 are within this range in the ciliary case and only 1 for the 
mitotic apparatus. In this type of comparison the microtubule 
protein more clearly resembles the flagella. However, this 
does not take into account those amino acids of widely differ­
ent concentrations. 
The data given for the cilia of Tetrahymena pyriformis 
reflect the composition of the ciliary membrane, the matrix 
material and the other fine structural components included in 
a cilium as well as the 9+2 set of microtubules. Gibbons 
(1965) has chemically dissected the cilia isolated from 
Tetrahymena and has obtained several discrete and recognizable 
fractions. The ciliary membrane, matrix material, central 
fibers, and arms of the outer doublets can be removed in this 
dissection process leaving only the outer nine doublets. This 
fraction is thus restricted to the microtubules making up the 
outer portion of the ciliary axoneme. The amino acid composi­
tion of this fraction has been studied by Gibbons (1966)1. 
^Gibbons, I. R. 1966. The Biological Laboratories, 
Harvard University, Cambridge, Mass. Amino acid analyses of 
ciliary fractions. Private communication. 
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Three amino acids in the hydrolysate of the outer doublets 
were within 15 percent of the values obtained for the micro-
tubular protein of this study. On the other hand, a much 
lower leucine and lysine and much higher glycine content 
exists in the ciliary structures as compared to the protein 
described herein. 
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V. DISCUSSION 
The measurement of the mean residue rotation at the 2 33 ray 
trough has been employed by many workers to estimate the 
degree of helicity in a protein. There is, however, no stand­
ard universally acceptable for use as a reference. As pointed 
out by Yang and McCabe (1965), if we assume that myoglobin 
([m']233 = -10,000®] in solution retains the 77 percent helical 
structure it has in wet crystals (which appears to be true 
from Urnes, ^  [1961]), then it is convenient to assess 
[m*]2 33^^ = -13,000*. This would be in accord with the 
estimation given herein based on poly-L-glutamic acid (PGA) 
configurations as assessed by Blout (1963). This synthetic 
polypeptide is the reference standard generally used by workers 
in making these estimates, but it has been shown, also by Yang 
and McCabe (1965), that the [m'lass value for PGA varies from 
-13,000° to -18,000° depending on solvent pH and ionic strength. 
It is, therefore, the opinion of these workers that the rota­
tions in the 180-240 my range are not so dominated by the 
helicity of the protein as to make partial rotations arising 
from other sources insignificant. This indicates that the 
percent helicity determined from the [m']23 3 value obtained 
herein must be considered as an upper limit in this protein. 
The procedure used to estimate the helix content of a 
protein by reference to the [m']23 3 values is based on a 
linear transition model from 100 percent helical structure to 
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zero percent, or the random coil configuration. This approach 
does not include other configurational forms, e.g., the g con­
figuration. Inasmuch as the Cotton effects of « and g 
configurations occur at the same place and exhibit a trough at 
233 my (for «) and 229-230 my (for g) with a crossover at 220 
my it is difficult to distinguish them experimentally. The 
rotation at 233 my from the ® form is, however, approximately 
2.5 times that contributed by the 3 forms (e.g., see Davidson 
et al. [1966]) and in the regions considered herein (220-300 
my) this difference is the only criterion for distinguishing 
the configurational properties of the protein. In many 
proteins [m']233 assumes very large negative values e.g. 
myoglobin ([m']2 33 = -10000*), (Yang and McCabe [1965]); 
fd bacteriophage ([m*]233 = -14,000®), Day (1966); and it can 
be assumed in these cases that the major contribution to 
[m']23 3 is from the helical portions of the protein. In fact, 
lizuka and Yang (1966) show that in a mixed configurational 
state a moderate amount of g form will raise the estimated 
helical content only slightly. This is primarily due to the 
large differences in rotational strength of the two forms. 
On the other hand when the values of [m']233 are very low, 
as is the case in this study, the possibility of other con­
figurational forms being predominant cannot be excluded. 
Several other biological isolates have been reported with low 
reduced mean residue rotations. Included in these reports are 
insulin [m']233 = -4000° (Carpenter and Hayes, 1966) and the 
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mitotic apparatus protein ([^'123 3 ~ -5065°) (Kolodny and 
Roslansky, 1966). Insulin is cited since it can be induced to 
form long microfibrillar structures and the mitotic apparatus 
has been shown to be composed of fine tubular components which 
are included in the general category of microtubules. The 
degree of correlation between the optical rotatory dispersion 
of the microtubules of this study and those in the mitotic 
apparatus indicates a similarity of microtubule structure 
regardless of the source. 
It would seem then from the data obtained in this study, 
as well as those cited above, that conformations other than 
the a helix will eventually prove to be the dominating con-
figurational forms for the protein components of microtubules. 
As noted previously, there is a difference in concentra­
tion dependence of the sedimentation coefficients for the two 
forms of the microtubular protein. The microfibril prepara­
tions show, in general, a decrease in the sedimentation 
coefficient as the concentration increases while the mersalyl 
acid derivatives of this protein show an increase. Nearly all 
substances show some form of concentration dependence upon 
sedimentation rates. This dependence is normally interpreted 
in terms of the viscosity and density of the solution as well 
as backward flow of solvent during sedimentation (cf. 
Schachman, 1959, p. 90-103). Such considerations lead to a 
decrease in the sedimentation coefficient as the concentration 
increases as observed in the microfibril preparation of the 
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protein in this study. There are, on the other hand, some 
protein systems which exhibit an increase in their sedimenta­
tion coefficients as the concentration is increased. In all 
such cases studied thus far, this behavior has been interpreted 
in terms of interacting systems in which the association-
dissociation reactions are very rapid. A shift in the equili­
brium value of such an interacting system results from the 
variation in concentration and is manifested in a change of 
the sedimentation rate. Increasing the concentration gener­
ally tends to increase the amount of aggregation or association 
and the net result is an increase in the sedimentation 
coefficient. Such appears to be the case with the mersalyl 
acid derivatives of the microtubular protein. 
The mersalyl acid probably forms a covalent bond with the 
available thiol groups in the protein as is typical of the 
pMB + protein reaction. If such is the case, the protein 
conformation may be altered sufficiently by accomodation of 
this large mercurial to disrupt the microfibril. Such altera­
tions may expose other functional groups which could lead to 
non-specific association-dissociation reactions showing the 
type of concentration dependence in sedimentation rates 
observed here. On the other hand, the low amounts of mersalyl 
acid used in these reactions might not be sufficient to titrate 
the total available sulfhydryl groups in the protein. If this 
proves to be the case, a competition between individual 
subunits and the available mersalyl acid might explain the 
101 
phenomena illustrated in Figure 18. It is also possible that 
variations in the ionic strength (these experiments were 
carried out in low ionic strength solvents) might reduce or 
eliminate these effects. The answers to these questions will 
require further experimentation. In any event, the conditions 
which cause the direct proportionality to exist between con­
centration and sedimentation behavior could also account for 
the indications of polydispersity obtained in the sedimenta­
tion equilibrium experiment. In this experiment the solute 
components redistribute themselves through the column as 
equilibrium conditions are approached and the probability of 
interaction is enhanced in the lower regions of the cell where 
the concentrations are higher. Newly formed association 
products of higher molecular weight would seek new equilibrium 
positions at even lower regions of the cell. During the 
relatively long periods necessary to come to equilibrium, 
considerable association could occur which would manifest 
itself as a polydisperse condition. As mentioned, it may be 
possible to mask chemically the functional groups of this 
protein to yield a more stable component for these structural 
studies. A knowledge of the functional groups would, however, 
be revealing in regard to the morphogenesis of this subcellular 
structure. 
The mitotic apparatus, kinetosomes, and cilia have been 
mentioned previously as microtubular organelles. All have 
been isolated for characterization purposes. Due to the 
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morphological similarity of the microtubules within these 
structures, it is of interest to note any resemblance in the 
results of physical studies conducted on the isolated organ­
elles. 
The kinetosome has been isolated and studied mainly for 
information relative to the supposed autonomous existence of 
this organelle. These studies have been directed toward 
assaying the organelle for nucleic acid content and the 
structural proteins making up the triplet assemblage of 
microtubules have, unfortuately, been ignored. 
The ciliary fractions obtained by Gibbons (1965) show a 
complex structural assemblage in this organelle. With the 
ciliary membrane removed, the central pair of singlet micro­
tubules and the arms along the nine outer doublets can be 
extracted by a brief exposure to 0.6 M KCl. This fraction 
(I) possesses a high ATPase activity and contains what is 
believed to be the contractile protein responsible for the 
ciliary movement. Ultracentrifugal analysis of Fraction I 
shows three sedimenting boundaries with apparent sedimentation 
coefficients (S2o,w) of 4, 13, and 25 S. The remnant cilium 
after Fraction I has been removed consists mainly of the outer 
nine doublet microtubules. When the outer nine doublets 
(Fraction II) are solubilized by long exposures to high ionic 
strength solvents (18 hours in 0.6 M KCl), ultracentrifugal 
analysis shows that the material consists of heterogeneous 
aggregates sedimenting in the range of 4-50 S. The 
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heterogeneous sedimentation behavior of Fraction II is indica­
tive of incomplete dissociation in the high ionic strength 
buffer (0.6 M KCl). As more effective dissociation reagents 
are discovered this fraction may prove to have a more funda­
mental unit of construction than is known presently. 
The microtubules of the mitotic apparatus have been 
studied for a number of years since Mazia (1952) first iso­
lated this structure from sea urchin eggs. There are a 
number of discordant literature reports characterizing the 
protein components of the mitotic apparatus (cf. Mazia, 1961; 
Sakai, 1966; Stephens, 1965). Some features of this micro­
tubule system bear a striking resemblance to the ciliary 
fractions and the infraciliary microtubule preparation of this 
study. The mitotic apparatus isolated by the digitonin method 
of Mazia (1955) is shown by Zimmerman (1963) to be readily 
soluble in both mersalyl acid and pMB. The solubility 
characteristics of the mitotic apparatus in both mersalyl acid 
and pMB are very similar to that observed for microtubules in 
this study. Ultracentrifugal analysis of the digitonin-
isolated mitotic apparatus dissolved in 50 mM pMB is shown by 
Sakai (1966) to have two components. The major fraction has a 
sedimentation coefficient (S20) of 3.5 S, while the remainder 
has a sedimentation coefficient (S20) of 13 S. The 3.5 S 
component is cleaved by sulfite to give a 2.5 S component 
having a molecular weight of 34,700 i 2000. This component is 
considered by Sakai (1966) as the monomer of the mitotic 
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apparatus protein. Mazia and co-workers (Kiefer et al., 1966) 
have shown in negatively stained preparations of the isolated 
mitotic apparatus linear arrays of apparently globular pro­
teins 35-40 A° in diameter. These globular units are taken 
to be the 2.5 S subunit observed by Sakai (1966). This 
observation is in good agreement with the data obtained herein 
for the infraciliary microtubules. The size and shape of the 
fundamental unit as revealed by electron microscopy and the 
sedimentation coefficient of the subunit for both studies are 
in very close harmony. The molecular weight, however, shows a 
disparity which hopefully will be reconciled with further 
experimentation. 
The mitotic apparatus isolated directly from the living 
cell is readily solubilized in 0.53 M KCl and yields upon 
centrifugation three boundaries sedimenting at 3.2-3.5, 11-13, 
and 21-22 Svedbergs (Sgg)' The resemblance of these values 
to those obtained by Gibbons (1965) for the ciliary Fraction I 
is at once apparent. 
The similarities in solubility properties, sedimentation 
velocity patterns, negative staining characteristics, and 
optical rotatory dispersion measurements, as well as the less 
well defined structural properties revealed by the electron 
microscope using thin sectioned material, indicate a close 
similarity in the molecular construction of all these micro-
tubular systems. 
Although an insufficient amount of data is available to 
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assess the exact arrangement of the 40 A° particles in the 
intact microtubule, the following conclusions and inferences 
can be made. The microtubules, as measured in electron micro­
graphs of thin sectioned material, are approximately 190 A° 
in diameter. An annulus with an outside diameter of 190 A® 
and an inside diameter of 150 A° will accomodate between 
eleven and twelve 40 A° spherical subunits. This is in agree­
ment with the results of Pease (1963) and Andre and Thiery 
(1963) concerning the subunit structure and number of proto-
filaments in spermtail microtubules. The size of the large 
fibers (m) in Figure 12 indicates that no more than two or 
three I fibers are needed to account for the width of the 
larger structures. This indicates that the microtubular 
protein is isolated in the long linear arrays (£) (protofila­
ments?) of spherical subunits. The larger fibers (M) are 
probably aggregation products, or perhaps partially dissoci­
ated microtubules. The fact that high ionic strength solvents 
will separate the smaller SL fibers from the microtubule but 
organic mercurials are necessary to release the individual 
subunits from these fibers indicates two different and 
specific bonding mechanisms in the protein subunits. The I 
fibers could represent an entity which runs parallel to the 
long axis of the microtubule. Thus eleven or twelve such 
fibers arranged in a cylinder would constitute a microtubule. 
On the other hand, they could represent an entity which is 
coiled around the long axis of the microtubule. In this case 
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eleven or twelve spherical subunits would constitute one gyre 
of the helix if the monomeric units were in register or some 
intermediate value would be found if the subunits were not in 
register. The answers to these questions will require more 
data than is presently available for this system. 
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VI. SUMMARY 
It has been shown that the ruminant oligotrich protozoa 
possess an extensive system of microtubules which can be 
isolated for biochemical and biophysical studies. These cells 
can be obtained in high titer and relatively free from the 
holotrich protozoa which also are indigenous in the ruminant 
host. The reduced ciliature of the oligotrich cells, referred 
to herein as the oral apparatus, consists of cilia, kineto-
somes, and bundles of infraciliary microtubules connected to 
long basal rods. An osmotic shock produced by rapidly resus-
pending the cells in a hypotonic medium of 2 mM EDTA at pH 7.0 
or 2 mM SDS will cause extensive lysis of the cells. The 
detergent method has not been studied because the rapid inter­
action of the released cellular parts with detergent has led 
to indeterminate results. The lysis accomplished with the 
chelating agent releases the oral apparatus as in intact unit. 
The cellular contents are ejected upon lysis leaving behind 
the empty pellicle. These two subcellular entities, the oral 
apparatus and the pellicle, have been used as the source of 
the microtubules described herein. 
The infraciliary microtubules of the oral apparatus and 
the microtubules imbedded in the pellicle are solubilized by 
concentrated solutions of neutral salts. The ciliary membrane 
protects the ciliary microtubules from being solubilized in 
the high salt concentration. Electron micrographs showing 
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negatively stained preparations of salt extracted microtubules 
reveal long microfibrils composed of linear arrays of globular 
units. The globular units appear spherical and have approxi­
mately a 40 A° center to center spacing. Consequently the 
microtubules are not being isolated as intact structures, but 
as linear associations of the small subunit particles making 
up the microtubule. The microfibrils are insensitive to many 
reagents normally used to dissociate proteins such as urea 
(<4M), detergents, heat (<60®C). The dissociation of the 
microfibrils is very rapid when exposed to dilute mercurial 
reagents such as pMB and/or mersalyl acid and to some extent 
dissociation occurs in alkali and at high pH. The action of 
the high salt solutions and the mercurials suggest at least 
two different bonding mechanisms in the subunits making up the 
microtubule. 
Ultracentrifugal analyses of the microfibril form of the 
isolated microtubule reveal a hypersharp boundary sedimenting 
at an S° ^ ^ value of 15.6 svedberg units and the sedimentation 
coefficient varies inversely with the concentration. The 
dissociation product formed by the mersalyl acid sediments at 
an S® value of 2.3 svedberg units and the sedimentation 
2 0 , W  
coefficient of this product varies directly with the concentra­
tion. A direct relationship of sedimentation coefficient with 
concentration is characteristic of an associating-dissociating 
system and indicates that the action of the mercurial may 
expose or create some reactive site(s). 
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The optical rotatory dispersion curve of the microfibril 
preparation has a negative Cotton effect in the far ultra­
violet with a trough at 233 my and a crossover at 220-225 my. 
The reduced mean residue rotation at 233 my is -4000° and the 
usual methods of estimating protein conformation indicates 
approximately 20 percent helical structure in the microfibril. 
Within the experimental error of the instrument employed for 
these measurements there was no detectable difference between 
the ORD curve of the microfibril and that of the dissociated 
product. The data indicates that the mercurial does not 
appreciably alter the conformation of the subunits in the 
microtubule upon dissociation. 
The molecular weight of the 2.3 S subunit has been 
measured by a sedimentation equilibrium run and found to be 
27,000 gm/mole. This value agrees well with estimates based 
on size and shape measurements and density assumptions. 
The amino acid analysis of the microtubules show a high 
concentration of aspartic and glutamic acid. This is similar 
to other microtubule systems. On the other hand, there is a 
high lysine and leucine content in these microtubules which 
is unusual when compared to other microtubule systems. The 
1/2 cystine content in this protein is high. This fact is 
of interest in the dissociation process since the mercurial 
reagents are known to be specific for sulfhydryl groups. 
Using the molecular weight of 27,000 gm/mole for the subunit 
particle, 115 gm/mole as the average molecular weight of the 
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constiuent amino acids, and the 1/2 cystine content as 
expressed in Table 3, it is estimated that there are 5-6 
sulfhydryl groups per subunit. Recalculating the protein 
concentration data from Figure 18 into molar concentrations, 
it is seen that the numbers of sulfhydryl groups are of the 
same order as mercurial groups present ( = 10~'*M) . These 
approximations indicate that the subunits are probably not 
completely titrated with mercurial groups. This may cause the 
association phenomena observed. 
The information obtained herein is not sufficient to 
determine the subunit arrangement in the microtubule. Whether 
the microtubule is composed of coiled chains of globular sub-
units or a stacked disk structure is not known and answers to 
such questions must await further experimental data. 
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